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Lp
=
µV0
Kp
(1.1)
∆p Lp µ V0
Kp
Kp ∆p V0
Forchheimaer
Darcy
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∆p/Lp = aV +bρV 2
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Lp
=
µV0
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+ cFρV 20 (1.2)
ρ cF Forchheimer 2
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Kp cF ∆p V0
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Dp St A
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ci
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Blake-Kozeny 1.3 ∼ 1.5 Burke &
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∆p
Lp
= cv
(1−φ)2
φ 3D2p
µV0 + ci
(1−φ)
φ 3Dp ρV
2
0 (1.7)
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φ Dp -1.1 Ergun
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ν
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∆p Dp φ3
L ρV02 1−φ
- 1.1 Reynolds Bird et al.[39]
Reynolds
Reynolds
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Re = V0Dep/ν ∼ 40 Dep
Reynolds
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Jolls & Hanratty[48]
Reynolds 110 150 Dybbs &
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DL Peclet
-1.3
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I III
IV
Hlushkou et
al.[52] III IV Peclet Dm ν
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Reynolds
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Pe
DL/DPVad
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Navier-Stokes NS
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=− 1ρ
∂P
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+ ν
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(1.9)
Ui P
Ui P 1.9
Macroscopic
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=− 1ρ
∂P
∂xi
+ ν
∂ 2Ui
∂x2j
− ∂RTi j∂xi (1.10)
1.10 Reynolds
Reynolds Macroscopic
Reynolds
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+
∂U j
∂xi
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+
2
3KT δi j (1.11)
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νt =
ci
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cvφ 3
ρ
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〈
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∂
〈
Ui
〉
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Kp
〈
Ui
〉 (1.14)
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Reynolds
Reynolds 1
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Antohe & Lage[56] k− ε Macroscopic
Antohe & Lage NS 1.9
KT
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2
T
ε
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∂xi
(〈
P
〉
+
2
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(
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Ui
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(
ν
Kp
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Kp
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〉2)〈Ui〉 (1.16)
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∂ t +
〈
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〉 ∂ 〈KT 〉
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=
1
2
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(
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〈
Ui
〉
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+
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〈
U j
〉
∂xi
)2
−〈ε〉+ ∂∂x j
{(
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νt
σk
) ∂KT
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}
+ EKT (1.17)
∂ 〈ε〉
∂ t +
〈
U j
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= Cε1
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〈KT 〉
1
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(
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〈
Ui
〉
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+
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〈
U j
〉
∂xi
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−Cε2 〈ε〉
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〈KT 〉
+
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{(
ν +
νt
σε
) ∂ 〈ε〉
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}
+ Eε
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σk σε KT ε Prandtl Cε1 Cε2 f1 f2 Reynolds
EKT Eε EKT = ε∞ Eε = Cε2
ε2
∞
KT ∞
Cε1 Cε2 Cε1 = 1.44
Cε2 = 1.92 1.16 0 1.14
0
Nakayama & Kuwahara EKT Eε
2
k− ε
2 Macroscopic Nakayama-Kuwahara
EKT Eε
Pedras-de Lemos EKT Eε
EKT = ck
φ 〈KT 〉
∣∣φ 〈Ui〉∣∣√
Kp
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Eε = cε2ck
φ 〈ε〉∣∣φ 〈Ui〉∣∣√
Kp
(1.20)
ck Nakayama-Kuwahara
2 Pedras-de Lemos
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Chan et al.[61] Getachew et al.[59] Hsu et al.[9] Alvarez et
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k− ε 2 1.15 0
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k− ε
k− ε
[62]
k− ε
Nakayama et al.[57]
Macroscopic
Macroscopic
Macroscopic Ergun
Hall et al.[63] van Gent et al.[64]
Macroscopic
Macroscopic
Pedras-de Lemos
[65]
Masuoka-Takatsu [25] Macroscopic 2
Chan et al.[66]
LDV
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Macroscopic
Macroscopic
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Dybbs & Edwards[49] Yarlagadda & Yoganathan[82]
LDV
Reynolds
Reynolds
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Saleh et al.[83] Dill[84] Hendricks et al.[85] Huang et al.[86]
Michioku
et al.[87]
IV Reynolds
Michioku et al.
Breugem & Boersma[17] Boltzman LBM
[88] [89] Navier-Stokes
Inamuro[90]
[91] Hill & Koch[74][75] Reynolds
1.3
Macroscopic
Macroscopic
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Macroscopic
IV
1.4
-1.4 6
1
Macroscopic
2
Reynolds
Reynolds
3 2
Reynolds 2
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- 1.4
4
Reynolds Keulegan-Carpenter
KC 3
5 2 4
6 2 5
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2.1
Macroscopic
Macroscopic
Losada et
al.[92] LDV
LDV Michioku et
al.[87]
IV
[93][94][95]
IV
Michioku et al. 1/15s
IV PTV
20 2
(b) After Refractive index matching
40% NaIOptical path
Image reception plane
Tracer
Imaginary tracer
(a) Before Refractive index matching  
Silicon sphere
Water etc.
- 2.1
Reynolds
V0 φD φ D V0
Reynolds
Rep = V0φD/ν (2.1)
ν
2.2
2.2.1
-2.1(a)
-2.1(b)
-2.1
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- 2.1
Jolls & Hanratty 1966
Dybbs & Edwards 1984 LDV
Yarlagadda & Yoganathan 1986 LDV
Saleh et al. 1992 PIV
Dill 1995 PTV
Michioku et al. 2007 PIV
Huang et al. 2008 PTV
1966 Jolls & Hanraty[48]
Jolls & Hanraty
[96]
-2.1
2.2.2
φD
D = 0.01 0.02 0.025m KE108
3 φD
-2.2
0.12∼0.13m
0.6m 0.3m
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40%
ν = 0.9×10−6m2/s
-2.3 V0
-2.2
50µm 1.33
X
Z Y Y
3 FASTCAM-1280PCI
Photron 0.25m 8.0∼ 11.0×10−5m/pixel
5W GPSS Green Laser
Ai Micro Nikkor 55mm/F2.8S Nikon
∆t = 1/250 = 4.0×10−3s 1/250∼1/500s Tm
4.1s ∆t Tm
[95] 16
-2.2 TL
TS TL TS
Kolmogorov
TL = H/V0 (2.2)
TS = η/υ (2.3)
Unit : [m]
0.05
0.05
0.05
0.12
0.13
0.13
0.05
0.05
0.05
D = 0.02, φ = 0.45
D = 0.025, φ = 0.53
D = 0.01, φ = 0.32
x
z
y
z
- 2.2
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0.05
0.05
laser sheet
D=0.02
x
C.L.
dy=0.0025
y/D=0.000
     =0.125
     =0.250
     =0.375
     =0.500
     =0.625
     =0.750
0.05
0.3
laser
pump
computer
0.05
0.6
camera
[unit:m]
y
0.12
porous media
0.05
0.05
reservoir
- 2.3
η = R−3/4ep D (2.4)
υ = R−1/4ep V0 (2.5)
H H = 0.05m η υ Kolmogorov
Tm -2.2 TL
TL Tm
TS ∆t
Y 2.5×10−3m
2.0×10−3m
D = 0.02m φ = 0.45 7 -2.4
-2.2 Reynolds Rep = 75∼ 648
Reynolds
-2.2 V0
Reynolds
YAG
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- 2.2
Reynolds
D [m] φ V0 [m/s] Rep TL [s] TS [s]
0.021 75 2.4 5.5×10−2
0.010 0.32 0.029 103 1.7 3.4×10−2
0.043 153 1.2 1.9×10−2
0.020 200 2.5 7.1×10−2
0.026 260 1.9 4.8×10−2
0.020 0.45 0.032 320 1.6 3.5×10−2
0.040 400 1.3 2.5×10−2
0.052 520 1.0 1.7×10−2
0.021 309 2.4 6.8×10−2
0.025 0.53 0.036 530 1.4 3.0×10−2
0.044 648 1.1 2.2×10−2
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x/D
z/D
−2 0 2 4 6 8 10
−1
0
1
(a) y/D = 0.000
x/D
z/D
−2 0 2 4 6 8 10
−1
0
1
(b) y/D = 0.125
x/D
z/D
−2 0 2 4 6 8 10
−1
0
1
(c) y/D = 0.250
x/D
z/D
−2 0 2 4 6 8 10
−1
0
1
(d) y/D = 0.375
x/D
z/D
−2 0 2 4 6 8 10
−1
0
1
(e) y/D = 0.500
x/D
z/D
−2 0 2 4 6 8 10
−1
0
1
(f) y/D = 0.625
x/D
z/D
−2 0 2 4 6 8 10
−1
0
1
(g) y/D = 0.725
- 2.4 D = 0.02m φ = 0.45
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2.3
2.3.1
IV interrogation window
PIV Particle Image Velocimetry
PTV Particle Tracking Velocimetry
-2.5 PIV
PTV
PIV
PTV PTV
Super-Resolution KC (Takehara et al.[97][98])
PTV
Super-Resolution KC
0.2pixel
Image at time t Image at time t+∆t
(a) PTV Concept
(b) PIV Concept
Analysis result
& Tracers Velocity vector
- 2.5
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Super-Resolution
KC
Super-Resolution KC PIV
Kalman
PIV Christensen et al.[99] PIV Sleuth
Kalman 20
2.3.2
-2.6(a)
2.6
L(ζ ,ξ ) = max[L(ζ ,ξ )−M (ζ ,ξ ) ,0] (2.6)
L(ζ ,ξ ) (ζ ,ξ ) M (ζ ,ξ ) max [a,b]
a b -
2.6(b) -2.6(c)
Super-Resolution KC
χ2
χ2
〈V 〉all σ 〈V 〉all−4σ <V < 〈V 〉all +4σ
2.3.3
PTV D = 0.02m φ = 0.45 V0 = 0.032m/s Rep =
320 (a)y/D = 0.000 (b)y/D = 0.375 -2.7
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(a)
(b)
(c)
- 2.6
0.25m
20000
180∼290 /10−4m2
-2.7(a) -2.7(b)
-2.7(a) y/D = 0.000
-2.7(b) y/D = 0.375
y/D = 0.375
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y/D = 0.000
y/D = 0.000
6.0 < x/D < 8.0
y/D = 0.375
2.4
PTV
Euler
Spatial Weighted Average Method, Takehara et al.[100]
vI(xc,yc,zc) =
N
∑
m=1
(ωm(xm,ym,zm)vm(xm,ym,zm))/
N
∑
m=1
ωm(xm,ym,zm) (2.7)
ωm(xm,ym,zm) = exp
(−{(xm− xc)2 +(ym− yc)2 +(zm− zc)2}/σ2) (2.8)
(xc,yc,zc) (xm,ym,zm) vm
(xc,yc,zc) ` m ωm
σ
`= 1.0×10−2m
2.5
Tm Tm
vI vI
vI(xc,yc,zc) =
1
Tm
∫
Tm
vI(xc,yc,zc, t)dt (2.9)
30 2
v′I vI vI
vI(xc,yc,zc, t) = vI(xc,yc,zc)+ v′I(xc,yc,zc, t) (2.10)
vI vI v
′
I
-2.8 y/D = 0.000 -2.9 y/D = 0.375 -2.7
D = 0.02m φ = 0.45 V0 = 0.032m/s Rep = 320
vI vI
vI vI vI
vI
-2.10 y/D = 0.000 -2.11 y/D = 0.375
ω∗ ω∗
ω∗ ω∗
ω∗ =
D
V0
(∂uI
∂ z −
∂wI
∂x
)
(2.11)
ω∗ =
D
V0
(∂uI
∂ z −
∂wI
∂x
)
(2.12)
ω∗ ω∗
-2.8(c)
-2.9(c) v′I v′I
v′I vI
v′I
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−
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D
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0.
1m
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(a)
y/
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=
0.
00
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−
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0
2
4
6
8
10
−
101
x/
D
z/D
0.
1m
/s
(b)
y/
D
=
0.
37
5
-
2.
7
D
=
0.
02
m
φ=
0.
45
V 0
=
0.
03
2m
/s
R e
p
=
32
0
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−2 0 2 4 6 8 10
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−2 0 2 4 6 8 10
−1
0
1
x/D
z/D
0.1m/s
(b) vI
−2 0 2 4 6 8 10
−1
0
1
x/D
z/D
0.1m/s
(c) v′I
- 2.8 vI vI v′I D = 0.02m φ = 0.45
V0 = 0.032m/s Rep = 320 y/D = 0.000
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−2 0 2 4 6 8 10
−1
0
1
x/D
z/D
0.1m/s
(a) vI
−2 0 2 4 6 8 10
−1
0
1
x/D
z/D
0.1m/s
(b) vI
−2 0 2 4 6 8 10
−1
0
1
x/D
z/D
0.1m/s
(c) v′I
- 2.9 vI vI v′I D = 0.02m φ = 0.45
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2.6
Reynolds
IT x IT z KT Reynolds
RT xz
IT x(x,y,z) =
√
u′I
2(x,y,z, t) (2.13)
IT z(x,y,z) =
√
w′I
2(x,y,z, t) (2.14)
KT (x,y,z) =
1
2
(
u′I
2(x,y,z, t)+ w′I
2(x,y,z, t)
)
(2.15)
RT xz(x,y,z) = u′I(x,y,z, t)w′I(x,y,z, t) (2.16)
” ” u′I w′I X Z
Y KT
v′I
2 = 0
2.6.1 Reynolds
D = 0.02m φ = 0.45 V0 = 0.032m/s Rep = 320
v′I -2.12 IT x
IT z IT x IT z
IT x IT z
y/D = 0.000∼ 0.125 y/D = 0.625∼ 0.750
IT x IT z
y/D = 0.250∼ 0.500 IT x IT z
IT x -2.7
IT x IT z
y/D = 0.000∼ 0.250 IT x IT z
2D
IT x IT x IT z
KT -2.13(I) KT
KT
36 2
[m/s]
x10−2
x/D
z/D
 
 
−2 0 2 4 6 8 10
−1
0
1
0 0.5 1 1.5 2
(a) y/D = 0.000 [m/s]
x/D
z/D
 
 
−2 0 2 4 6 8 10
−1
0
1
0 0.5 1 1.5 2
(b) y/D = 0.125 [m/s]
x/D
z/D
 
 
−2 0 2 4 6 8 10
−1
0
1
0 0.5 1 1.5 2
(c) y/D = 0.250 [m/s]
x/D
z/D
 
 
−2 0 2 4 6 8 10
−1
0
1
0 0.5 1 1.5 2
(d) y/D = 0.375 [m/s]
x/D
z/D
 
 
−2 0 2 4 6 8 10
−1
0
1
0 0.5 1 1.5 2
(e) y/D = 0.500 [m/s]
x/D
z/D
 
 
−2 0 2 4 6 8 10
−1
0
1
0 0.5 1 1.5 2
(f) y/D = 0.625 [m/s]
x/D
z/D
 
 
−2 0 2 4 6 8 10
−1
0
1
0 0.5 1 1.5 2
(g) y/D = 0.750
(I) IT x
[m/s]
x10−2
x/D
z/D
 
 
−2 0 2 4 6 8 10
−1
0
1
0 0.5 1 1.5 2
(a) y/D = 0.000 [m/s]
x/D
z/D
 
 
−2 0 2 4 6 8 10
−1
0
1
0 0.5 1 1.5 2
(b) y/D = 0.125 [m/s]
x/D
z/D
 
 
−2 0 2 4 6 8 10
−1
0
1
0 0.5 1 1.5 2
(c) y/D = 0.250 [m/s]
x/D
z/D
 
 
−2 0 2 4 6 8 10
−1
0
1
0 0.5 1 1.5 2
(d) y/D = 0.375 [m/s]
x/D
z/D
 
 
−2 0 2 4 6 8 10
−1
0
1
0 0.5 1 1.5 2
(e) y/D = 0.500 [m/s]
x/D
z/D
 
 
−2 0 2 4 6 8 10
−1
0
1
0 0.5 1 1.5 2
(f) y/D = 0.625 [m/s]
x/D
z/D
 
 
−2 0 2 4 6 8 10
−1
0
1
0 0.5 1 1.5 2
(g) y/D = 0.750
(II) IT z
- 2.12 IT x IT z D = 0.02m φ = 0.45 V0 = 0.032m/s Rep = 320
2.6. 37
[m2/s2]
x10−4
x/D
z/D
 
 
−2 0 2 4 6 8 10
−1
0
1
0 0.5 1 1.5 2 2.5 3 3.5 4
(a) y/D = 0.000 [m2/s2]
x/D
z/D
 
 
−2 0 2 4 6 8 10
−1
0
1
0 0.5 1 1.5 2 2.5 3 3.5 4
(b) y/D = 0.125 [m2/s2]
x/D
z/D
 
 
−2 0 2 4 6 8 10
−1
0
1
0 0.5 1 1.5 2 2.5 3 3.5 4
(c) y/D = 0.250 [m2/s2]
x/D
z/D
 
 
−2 0 2 4 6 8 10
−1
0
1
0 0.5 1 1.5 2 2.5 3 3.5 4
(d) y/D = 0.375 [m2/s2]
x/D
z/D
 
 
−2 0 2 4 6 8 10
−1
0
1
0 0.5 1 1.5 2 2.5 3 3.5 4
(e) y/D = 0.500 [m2/s2]
x/D
z/D
 
 
−2 0 2 4 6 8 10
−1
0
1
0 0.5 1 1.5 2 2.5 3 3.5 4
(f) y/D = 0.625 [m2/s2]
x/D
z/D
 
 
−2 0 2 4 6 8 10
−1
0
1
0 0.5 1 1.5 2 2.5 3 3.5 4
(g) y/D = 0.750
(I) KT
−2 0 2 4 6 8 10
−1
0
1
[m2/s2]
x10−4
x/D
z/D
 
 
−1.5 −1 −0.5 0 0.5 1 1.5
(a) y/D = 0.000
−2 0 2 4 6 8 10
−1
0
1
[m2/s2]
x/D
z/D
 
 
−1.5 −1 −0.5 0 0.5 1 1.5
(b) y/D = 0.125
−2 0 2 4 6 8 10
−1
0
1
[m2/s2]
x/D
z/D
 
 
−1.5 −1 −0.5 0 0.5 1 1.5
(c) y/D = 0.250
−2 0 2 4 6 8 10
−1
0
1
[m2/s2]
x/D
z/D
 
 
−1.5 −1 −0.5 0 0.5 1 1.5
(d) y/D = 0.375
−2 0 2 4 6 8 10
−1
0
1
[m2/s2]
x/D
z/D
 
 
−1.5 −1 −0.5 0 0.5 1 1.5
(e) y/D = 0.500
−2 0 2 4 6 8 10
−1
0
1
[m2/s2]
x/D
z/D
 
 
−1.5 −1 −0.5 0 0.5 1 1.5
(f) y/D = 0.625
−2 0 2 4 6 8 10
−1
0
1
[m2/s2]
x/D
z/D
 
 
−1.5 −1 −0.5 0 0.5 1 1.5
(g) y/D = 0.750
(II) RT xz
- 2.13 KT Reynolds RT xz D = 0.02m φ = 0.45 V0 =
0.032m/s Rep = 320
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KT
KT KT
KT
KT
KT
Reynolds RT xz -2.13(II) RT xz
RT xz
RT xz
RT xz Reynolds
1/3
-2.12∼ -2.13
• Reynolds
• IT x
IT z
2D
• KT
KT KT
• Reynolds RT xz
1/3
〈Ψ〉z (x,y) =
1
Nz
∫
Ψ(x,y,z)dz (2.17)
2.6. 39
Ψ Nz Z Ψ
z/D = 0.25
IT x IT z 〈IT x〉z 〈IT z〉z -2.14
〈IT x〉z 〈IT z〉z
〈IT x〉z 〈IT z〉z
〈IT z〉z
〈IT x〉z y/D = 0.250∼ 0.500
y/D = 0.375 〈IT x〉z 〈IT z〉z 1.5
-2.12
〈IT x〉z 〈IT z〉z
y/D = 0.000∼ 0.250 y/D = 0.375∼ 0.750
〈Ψ〉yz (x) =
1
NyNz
∫ ∫
Ψ(x,y,z)dydz (2.18)
Ψ Ny Nz Y Z
Ψ z/D = 0.25
〈IT x〉yz 〈IT z〉yz -2.15 〈IT x〉yz 〈IT z〉yz
〈IT x〉z 〈IT z〉z
〈IT x〉yz 〈IT z〉yz 〈IT x〉yz 1.25
-2.15
D 〈IT x〉yz 〈IT z〉yz
〈KT 〉z
〈KT 〉yz KT Y
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2.6. 41
v′I v
′
I
2 = w′I
2 〈KT 〉z
〈KT 〉yz
〈KT 〉z (x,y) =
1
2Nz
(∫
u′I
2dz + 2
∫
w′I
2dz
)
(2.19)
〈KT 〉yz (x) =
1
2NyNz
(∫ ∫
u′I
2dydz + 2
∫ ∫
w′I
2dydz
)
(2.20)
〈KT 〉z -2.16
〈KT 〉z
〈KT 〉z
y/D = 0.000 y/D = 0.375
1.5 〈KT 〉z
〈KT 〉yz -2.17
D 〈KT 〉yz
〈KT 〉yz = 3.0×10−4m2/s2
•
D
• 〈IT z〉z
〈IT x〉z y/D = 0.375
〈IT x〉z 〈IT z〉z 1.5
〈IT x〉yz 〈IT z〉yz 1.25
• 〈KT 〉z
1.5
2.6.2 Reynolds
Reynolds
Reynolds
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2.6. 43
V0 φD Reynolds
KT KT
Reynolds Reynolds
Reynolds
V0
Reynolds KT φD
Reynolds KT
V0 Reynolds KT
φD = 9.0×10−3m
V0 Reynolds KT 2.20
〈KT 〉yz Reynolds
〈KT 〉yz -2.18(a) V0 Reynolds
〈KT 〉yz
〈KT 〉yz 0.0≤ x/D≤ 1.0 Reynolds
〈KT 〉yz Reynolds
D 〈KT 〉yz
V0 〈KT 〉∗yz
〈KT 〉∗yz = 〈KT 〉yz /V 20 (2.21)
Reynolds 〈KT 〉∗yz -2.18(b) 6.0≤ x/D≤ 8.0
Reynolds Reynolds
〈KT 〉∗yz Reynolds
V0
〈KT 〉∗yz
φD Reynolds KT
φD Reynolds KT
V0 = 0.021m/s φD
KT φD
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-2.19 φD = 1.3×10−2m φ = 0.53 D = 2.5×10−2m Reynolds
Rep = 309 -2.20
3.0×10−3m φ = 0.32 D = 1.0×10−2m Reynolds Rep = 75
φD
y/D
KT -2.19
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(b) φD = 3.0×10−3m Rep = 75
- 2.21 φD 〈KT 〉yz
V0 = 0.021m/s
2.6. 47
-2.20
KT φD
φD = 1.3×10−2m
φD = 3.0×10−3m KT
2.20 〈KT 〉yz
-2.21 D 〈KT 〉yz
〈KT 〉yz
φD = 1.3×10−2m
〈KT 〉yz φD = 3.0×10−3m
〈KT 〉yz
φD
φD φD
φD
〈KT 〉yz Reynolds
-2.22 φD
φD V0 Reynolds
〈KT 〉yz φD
〈KT 〉yz φD
Reynolds
D
〈KT 〉xyz =
1
2NxNyNz
(∫ ∫ ∫
u′I
2dxdydz + 2
∫ ∫ ∫
w′I
2dxdydz
)
(2.22)
Nx Ny Nz X Y Z KT
z/D = 0.25
〈KT 〉xyz Reynolds -2.23
Reynolds 〈KT 〉xyz
〈KT 〉xyz Reynolds 〈KT 〉xyz
φD Reynolds
φD 〈KT 〉xyz
2.21 〈KT 〉∗yz -2.24
〈KT 〉∗yz
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φ D = 1.3× 10−2m
- 2.23 〈KT 〉xyz Reynolds φD
〈KT 〉∗yz φD
〈KT 〉∗yz
-2.25 〈KT 〉xyz V0
〈KT 〉∗xyz Reynolds
〈KT 〉∗xyz = 〈KT 〉xyz /V 20 (2.23)
〈KT 〉∗xyz φD
φD 〈KT 〉∗xyz
φD 〈KT 〉∗yz
φD
〈KT 〉∗xyz φD = 3.2×10−3m 0.25 φD = 9.0×10−3m 0.35
φD = 1.3×10−2m 0.45
V0 Reynolds φD
Reynolds KT
• V0 Reynolds
〈KT 〉yz
• φD Reynolds
KT
φD KT
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- 2.25 〈KT 〉∗xyz Reynolds φD
• V0 〈KT 〉∗yz φD
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2.7
Macroscopic Macroscopic
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RTi j = u′Iw′I =−νt
(∂Ui
∂x j
+
∂U j
∂xi
)
+
2
3KT δi j (2.24)
νt
2.24
νt
νt
νt 2.24 RTi j γTi j = ∂Ui∂x j +
∂U j
∂xi
RT xz γT xz
Macroscopic
Rep = 320 Reynolds RT xz
γT xz -2.26 -2.26
R∗T xz γ∗T xz
R∗T xz = RT xz/V 20 (2.25)
γ∗T xz =
γT xzD
V0
(2.26)
R∗T xz γ∗T xz
−γ∗T xz R∗T xz −γ∗T xz
R∗T xz −γ∗T xz
R∗T xz −γ∗T xz
Reynolds R∗T xz
−γ∗T xz
Reynolds
y/D = 0.000 y/D = 0.750
Y R∗T xz
−γ∗T xz Reynolds
-2.32 Reynolds
Rep = 520 Reynolds R∗T xz −γ∗T xz
Rep = 320
R∗T xz γ∗T xz 15000
R∗T xz γ∗T xz -2.28∼ -2.31 -2.28 Rep = 320
2.7. 53
y/D = 0.000 -2.29 y/D = 0.375
-2.30 Rep = 520 y/D = 0.000 -2.31
y/D = 0.375 y/D = 0.000 y/D = 0.375
(a) x/D< 0.0 (b) 0.0< x/D< 6.0
(c) 6.0< x/D (d)
R∗T xz γ∗T xz r
νt
R∗T xz γ∗T xz
νt νt
-2.28∼ -2.31 R∗T xz γ∗T xz
Reynolds
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1. Reynolds
2. IT x
IT z
2D
3. KT
KT KT
4. Reynolds RT xz
1/3
5.
D
6. 〈IT z〉z
〈IT x〉z y/D = 0.375
〈IT x〉z 〈IT z〉z 1.5
〈IT x〉yz 〈IT z〉yz 1.25
2.8. 63
7. 〈KT 〉z
1.5
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Reynolds
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φD
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3.1
Macroscopic Masuoka
& Takatsu[25] Nakayama & Kuwahara[57]
Reynolds
Tm
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DNS
DNS
Liu et al.[103] Sheng et al.[104] Tao
et al.[105]
LES
PIV
PIV
PTV
PIV
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Reynolds
3.2
vm 〈v〉
〈v〉(xc,yc,zc) =
M
∑
m=1
v(xm,ym,zm)/M (3.1)
M Vs v(xm,ym,zm) Vs
m (xc,yc,zc)
Vs `S
Vs
Vs
Vs
K∗ `S
K∗
K∗ =
1
2V 20
(
〈u〉2 + 〈w〉2
)
(3.2)
D = 0.020m φ = 0.45 V0 = 0.032m/s Rep = 320 y/D = 0.000
`S K∗
〈K〉∗z 2.17 -3.1 `S
0.0< x/D< 6.0 `S
〈K〉∗z `S `S
`S = 6.0×10−3m `S 〈K〉∗z
`S = 6.0×10−3m
φD = 3.2∼ 13.2×10−3m
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60 35
vs 〈v〉 vm
vs(xm,ym,zm) = v(xm,ym,zm)−〈v〉(xc,yc,zc) (3.3)
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3.3
Reynolds
ISx ISz KS Reynolds
RSxz
ISx(x,y,z, t) =
1
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∫
Vs
√
us2(xm,ym,zm, t)dv (3.4)
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∫
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ws2(xm,ym,zm, t)dv (3.5)
KS(x,y,z, t) =
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2M
∫
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(
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2(xm,ym,zm, t)+ ws2(xm,ym,zm, t)
)
dv (3.6)
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∫
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(us(xm,ym,zm, t)ws(xn,ym,zm, t))dv (3.7)
M Vs us ws X Z
Y
KS vs2 = 0
ISx(x,y,z) =
1
Tm
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ISx(x,y,z, t)dt (3.8)
ISz(x,y,z) =
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∫
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∫
KS(x,y,z, t)dt (3.10)
RSxz(x,y,z) =
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Tm
∫
RSxz(x,y,z, t)dt (3.11)
Tm
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D = 0.02m φ = 0.45 V0 = 0.032m/s Rep = 320
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4
4.1
Reynolds
Losada et al.[92]
LDV
Burcharth & Andersen[107] Hall et al.[63] van Gent[108][64]
Hall et al.[63]
van
Gent[108][64]
100 4
Keulegan-
Carpenter [109] KC
KC = V T/L (4.1)
V T L KC
L V L/V T
KC
Reynolds KC
V0 T Reynolds KC
4.2
-4.1 D = 0.02m (KE108: ( )) 221
0.1×0.1×0.14m φ = 0.34
B = H = 0.1m 1.0m
40%
ν = 0.9×10−6m2/s PC
van Gent[108]
4.2
0.01 V0 T -4.1
4.3 4.4 Reynolds Rep KC
V = V0sin(2pit/T ) (4.2)
Rep = V0φD/ν (4.3)
KC = V0T/D (4.4)
X Z
Y Y
GPSS Green Laser5W
3 FASTCAM-1280PCI Photron Ai Micro Nikkor 55mm/F2.8S
4.3. 101
z
y
x
CAMERA
POROUS MEDIA
CONTINUOUS 
DIODE LASER
OSCILLATORY FLOW 
CONTROL SYSTEM
CAMERA CONTROL SYSTEM
SYNCHRONIZED 
5V PULSE
1000
200
100
100
140
20
CENTROID
ELECTRIC 
ACTUATOR
UNIT [mm]
IODIDE SODIUM 
SOLUTION
- 4.1
Nikon 0.45×0.10m 22.5D×5D
50µm 1.33
∆t = 1/250s 1/250∼1/500s
Tm 12s 1.3× 10−4m/pixel
125 /10−4m2
Y 7.0×10−3m
4.3
vI
2.7 2.8
Rep = 310 y/D = 0.000
-4.2∼ -4.18 KC
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- 4.1
V0 [ m/s ] T [ s ] Rep KC
2.0 2.8
0.028 6.0 212 8.4
10.0 14.0
1.4 2.9
0.041 4.0 310 8.2
6.6 13.5
1.0 2.8
0.055 3.0 416 8.3
5.0 13.8
(a)KC = 2.9 (b)KC = 8.2 (c)KC = 13.5
V0 (a)(b)(c) V
t/T = 0.000∼ 0.500
V > 0.0 -4.2∼ -4.10 t/T = 0.500∼ 1.000 V < 0.0 -4.10∼
-4.18 V
-4.2∼ -4.10 t/T = 0.000 ∼ 0.500
|x/D| < 3.5
|x/D|> 3.5
t/T = 0.000 -4.2 t/T = 0.500
-4.10 V = 0.0
x/D<−3.5
t/T = 0.000 ∼ 0.500 -4.2∼ -4.10
x/D > 3.5
t/T = 0.063 ∼ 0.250 -4.3∼ -4.6 t/T = 0.313 ∼ 0.500
-4.7∼ -4.10 |x/D| < 3.5 V
-4.3 -4.4
4.3. 103
-4.5 -4.6
KC KC
t/T = 0.000 0.500 V = 0.0 -4.2 -4.10
KC
t/T = 0.063∼ 0.250 t/T = 0.250∼ 0.438 KC
KC
t/T = 0.063∼ 0.500 x/D> 3.5 KC
KC
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4.3.1
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Pa Pb Pa
x/D,y/D,z/D = 0.0 0.0 −0.6 Pb
x/D,y/D,z/D = 0.2 0.0 −0.6 Pc
x/D,y/D,z/D = 3.5 0.0 −0.6 Pd D x/D,y/D,z/D =
4.5 0.0 0.0 Pe 3D x/D,y/D,z/D = 6.5 0.0 0.0
-4.20(I) -4.20(II) Rep = 310 KC = 2.9 Rep = 310
KC = 8.2 V0
uI/V0 wI/V0 V/V0
-4.20(I)-(a) Rep = 310 KC = 2.9 Pa
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Pa Pb
V
Pb
-4.20(I)-(c) Pc Pc
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T Pc
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KC
KC
KC
•
V0 ∆tM
uM u
′
M
124 4
0 0.5 1 1.5 2
−2
0
2
t / T
u
I 
/ V
0 
 
,
 
 
w
I 
/ V
0 
,
 
V 
/ V
0
 
 
u
I
 / V0 wI / V0 V / V0
(a) Pa(x/D,y/D,z/D) = (0.0,0.0,−0.6)
0 0.5 1 1.5 2
−2
0
2
t / T
u
I 
/ V
0 
 
,
 
 
w
I 
/ V
0 
,
 
V 
/ V
0
 
 
u
I
 / V0 wI / V0 V / V0
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(c) Pc(x/D,y/D,z/D) = (3.5,0.0,−0.6)
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(d) Pd(x/D,y/D,z/D) = (4.5,0.0,0.0)
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(e) Pe(x/D,y/D,z/D) = (6.5,0.0,0.0)
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(a) Pa(x/D,y/D,z/D) = (0.0,0.0,−0.6)
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(b) Pb(x/D,y/D,z/D) = (0.2,0.0,−0.6)
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(c) Pc(x/D,y/D,z/D) = (3.5,0.0,−0.6)
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(d) Pd(x/D,y/D,z/D) = (4.5,0.0,0.0)
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4.4
∆tM ∆tM
Tm
IS KS Reynolds RSxz
3.1 3.3
Vs `S `S = 6.0×10−3m
ISx ISz KS Reynolds RSxz 3.4
3.5 3.6 3.7
4.4.1 Reynolds
D = 0.02m φ = 0.34 V0 = 0.041m/s T = 4.0s Rep = 310 KC = 8.2
y/D = 0.000
t/T = 0.000∼ 0.500 V > 0.0 t/T = 0.500 ∼ 1.000
V < 0.0 -4.22 -4.23 t/T = 0.000∼ 1.000
V
X
t/T = 0.000∼ 0.500
x/D<−3.5 x/D> 3.5
-4.22 ISx ISz -4.23 KS
Reynolds RSxz V = 0.0
t/T = 0.000 -4.22(a) -4.23(a) x/D < −3.5
V
-4.22(b)∼ -4.22(i) -4.23(b)∼ -4.23(i)
ISx ISz
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|x/D|< 3.5 ISx ISz
KS Reynolds RSxz V = 0.0 t/T = 0.000 -4.22(a)
-4.23(a) V
-4.22(b)∼ -4.22(e) -4.23(b)∼ -4.23(e) V
-4.22(f)∼ -4.22(i) -4.23(f)∼ -4.23(i)
t/T = 0.063 -4.22(b) -4.23(b) t/T = 0.438
-4.22(h) -4.23(h)
V
ISx ISz V
t/T = 0.000∼ 0.063 -4.22(a)∼
-4.22(b) V t/T = 0.125∼ 0.375 ISx
ISz -4.22(c)∼ -4.22(g)
V t/T = 0.438∼ 0.500
-4.22(h)∼ -4.22(i)
x/D > 3.5 V
-4.22(b)∼ -4.23(e) -4.23(b)∼ -4.22(e)
V
-4.22(f)∼
-4.22(i) -4.23(f)∼ -4.22(i) ISx ISz
V t/T = 0.000∼ 0.063
-4.22(a)∼ -4.22(b) V t/T = 0.125 ∼ 0.375 ISx
ISz -4.22(c)∼ -4.22(g) V
t/T = 0.438∼ 0.500 -4.22(h)∼
-4.22(i)
Reynolds RSxz KS
RSxz KS 1/3
KS RSxz
KS 〈KS〉yz
〈KS〉yz
KS Y vs vs2 = ws2
〈KS〉yz (x) =
1
2NyNz
(∫ ∫
us
2dydz + 2
∫ ∫
ws2dydz
)
(4.7)
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〈KS〉yz
D
KS
〈KS〉yz -4.24 t/T = 0.000 〈KS〉yz
-4.22 x/D <−3.5
〈KS〉yz 〈KS〉yz
〈KS〉yz
V t/T = 0.375
|x/D|< 3.5 〈KS〉yz V V
〈KS〉yz
|x/D|= 3.5 D
〈KS〉yz
D 〈KS〉yz
x/D = 3.5 〈KS〉yz V V
〈KS〉yz t/T = 0.063∼ 0.438
〈KS〉yz
• IS KS Reynolds RSxz
V = 0.0
V
• IS KS Reynolds RSxz
V = 0.0 V
V V
V
• V
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V
•
V
V
• Reynolds RSxz KS
RSxz KS 1/3
KS RSxz
• 〈KS〉yz
D
D 〈KS〉yz
D
〈KS〉yz
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(II) ISz
- 4.22 ISx ISz D = 0.02m φ = 0.34 V0 = 0.041m/s T = 4.0s
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(II) RSxz
- 4.23 KS Reynolds RSxz D = 0.02m φ = 0.34 V0 =
0.041m/s T = 4.0s Rep = 310 KC = 8.2 y/D = 0.000
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(II) RSxz
- 4.23 KS Reynolds RSxz D = 0.02m φ = 0.34 V0 =
0.041m/s T = 4.0s Rep = 310 KC = 8.2 y/D = 0.000
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(q) t/T = 1.000 V = 0.0
(II) RSxz
- 4.23 KS Reynolds RSxz D = 0.02m φ = 0.34 V0 =
0.041m/s T = 4.0s Rep = 310 KC = 8.2 y/D = 0.000
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- 4.24 〈KS〉yz D = 0.02m φ = 0.34 V0 = 0.041m/s
T = 4.0s Rep = 310 KC = 8.2 y/D = 0.000
4.4. 137
4.4.2 Reynolds KC
Reynolds
KC KC
〈KS〉yz
〈KS〉xyz Reynolds KC
Reynolds KC 〈KS〉yz
Reynolds KC 〈KS〉yz
〈KS〉yz
-4.25∼ -4.27 〈KS〉yz
-4.25 Rep = 212 KC = 2.8∼ 14.0 -4.26 Rep = 310
KC = 2.9 ∼ 13.5 -4.27 Rep = 416 KC = 2.8 ∼ 13.8
V ≥ 0
t/T = 0.000 0.125 0.250 0.375 0.500 〈KS〉yz
x/D<−3.5 x/D> 3.5
-4.25 Rep = 212 KC = 2.8∼ 14.0 〈KS〉yz KC
t/T = 0.000 x/D =−3.5
〈KS〉yz
V 〈KS〉yz KC
〈KS〉yz KC
〈KS〉yz KC
〈KS〉yz V V 〈KS〉yz
〈KS〉yz
〈KS〉yz KC KC
V = 0.0 t/T = 0.000 0.500 〈KS〉yz
KC V = V0 t/T = 0.250 〈KS〉yz
〈KS〉yz = 7.5× 10−4m2/s2 〈KS〉yz
KC KC
x/D = 3.5 〈KS〉yz V V
KC
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x/D> 3.5 〈KS〉yz 〈KS〉yz
〈KS〉yz KC
〈KS〉yz KC -4.25∼
-4.27 Reynolds (a) (b) (c)
KC (a)KC = 2.8∼ 2.9 (b)KC = 8.2∼ 8.4 (c)KC = 13.5∼ 14.0 KC
KC KC Reynolds
〈KS〉yz
Reynolds 〈KS〉yz
Reynolds KC 〈KS〉xyz
〈KS〉xyz Reynolds
KC 〈KS〉xyz KS
Y vs vs2 ∼ ws2
〈KS〉xyz =
1
2NxNyNz
(∫ ∫ ∫
us
2dxdydz + 2
∫ ∫ ∫
ws2dxdydz
)
(4.8)
Nx Ny Nz X Y Z KS
〈KS〉xyz
D KS 〈KS〉yz
〈KS〉yz −2.5< x/D< 2.5
X −2.5< x/D< 2.5
〈KS〉xyz
〈uS〉∗xyz
〈uS〉∗xyz =
1
V0NxNyNz
∫ ∫ ∫
〈u〉dxdydz (4.9)
-4.28 (a)Rep = 212 KC = 2.8 (b)Rep = 310 KC = 2.9 (c)Rep = 310
KC = 13.5 〈KS〉xyz 〈uS〉∗xyz
t/T = 0.0∼ 0.5 t/T = 0.5∼ 1.0 〈KS〉xyz
〈uS〉∗xyz | 〈uS〉∗xyz |
| 〈uS〉∗xyz | t/T = 0.0∼ 0.5 t/T = 0.5∼ 1.0
| 〈uS〉∗xyz | 〈KS〉xyz
〈KS〉xyz t/T = 0.0 t/T = 0.5
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t = 0.07∼ 0.1s
〈KS〉xyz | 〈uS〉∗xyz |
t = 0.07∼ 0.1s
〈KS〉xyz
| 〈uS〉∗xyz |
V
Reynolds
V
| 〈uS〉∗xyz | 〈KS〉xyz
〈uS〉∗xyz
KC (c) | 〈uS〉∗xyz |
KC (a) (b) | 〈uS〉∗xyz |
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〈KS〉yz Reynolds
〈KS〉yz
〈KS〉yz
14. KC = ∞ KC
〈KS〉yz KC
〈KS〉yz 〈KS〉yz
15. Reynolds R∗Sxz −γ∗Sxz
−γ∗Sxz R∗Sxz
16. R∗Sxz −γ∗Sxz R∗Sxz
γ∗Sxz
KC R∗Sxz γ∗Sxz
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5
5.1
Reynolds KC
Reynolds
KC
Reynolds
•
Reynolds R∗T xz γT xz
R∗T xz γ∗T xz
Y
Reynolds
ν∗t ν∗t ν∗t
Reynolds
•
Reynolds R∗Sxz γ∗Sxz
R∗Sxz γ∗Sxz
Reynolds
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•
Reynolds R∗Sxz γ∗Sxz
R∗Sxz γ∗Sxz
Reynolds
Reynolds
Reynolds γ
Reynolds Reynolds
γ ω ε
Yoshizawa[110] Shih & Lumley[111] Yoshizawa
RTi j =
2
3KT δi j−2νtSi j
+
K3T
ε2
{
α1
(
SikSk j− 13SlkSklδi j
)
+ α2
(
Sikωk j + S jkωki
)
+ α3
(
ωikωk j− 13ωlkωklδi j
)} (5.1)
Si j =
1
2
(∂Ui
∂x j
+
∂U j
∂xi
)
(5.2)
ωi j =
1
2
(∂Ui
∂x j
− ∂U j∂xi
)
(5.3)
νt =
Cµ fµK2T
ε
(5.4)
αi Cµ fµ
5.1 5.1
3 Reynolds RTi j
Shih &
Lumley[111]
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αi Cµ fµ
Bardina[112]
Liu et al.[103] Borue & Orszag[113]
RSi j = Cnλ 2s
∂ 〈Ui〉
∂xk
∂
〈
U j
〉
∂xk
(5.5)
Cn λs
5.5 Reynolds
Cn λs a priori Reynolds
Clark et al.[106]
5.5
5.2
Reynolds RSi j
RSi j = λ 2s λ−2t (5.6)
λs λt
νt = λ 2s /λt λ−1t λ−1t =−γ
5.5 λs
λ−2t ∂ui∂x j
5.5 X−Z Reynolds RSxz
RSxy = Cnλ 2s
(∂ 〈u〉
∂x
∂ 〈w〉
∂x +
∂ 〈u〉
∂y
∂ 〈w〉
∂y +
∂ 〈u〉
∂ z
∂ 〈w〉
∂ z
)
(5.7)
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γSi j =
∂〈u j〉
∂xi +
∂ 〈ui〉
∂x j ωSi j =
∂〈u j〉
∂xi −
∂ 〈ui〉
∂x j
εSi =
∂ 〈ui〉
∂xi 5.7
RSxz =
Cnλ 2s
2
{
γSxz (εSx + εSz)−ωSxz (εSx− εSz)+ 12 (γSxy−ωSxy)(γSyz + ωSyz)
}
(5.8)
γSi j εSi
ωSi j
-5.1
γ∗Si j = γSi jD/V0 (5.9)
ω∗Si j = ωSi jD/V0 (5.10)
ε∗Si = εSiD/V0 (5.11)
D V0
ω∗xz γ∗xz
ε∗x ε∗z γ∗xz ω∗xz
Reynolds
5.8 X−Y
γxy ωxy Y −Z γyz ωyz
5.8
RSxz =
Cnλ 2s
2
{γSxz (εSx + εSz)−ωSxz (εSx− εSz)} (5.12)
5.12 ΓSxz
ΓSxz = γSxz (εSx + εSz)−ωSxz (εSx− εSz) (5.13)
5.3
5.12 λs
Cn
Reynolds RSxz ΓSxz
∼ Reynolds RSxz
ΓSxz
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RSxz ΓSxz
RSxz ΓSxz
`S = 6.0×10−3m
5.3.1
-5.2(a)
D = 0.017m 0.05m
ν = 0.9×10−6m2/s 50µm
1.33 y/D = 0.000
V0 = 0.037m/s Reynolds
D Re = V0D/ν = 700
-5.2(b)
30◦ 0.025m H=0.025m
ν = 1.0×10−6m2/s
50µm 1.02
y/D = 0.000
V0 = 0.076m/s
Reynolds H Re = V0H/ν = 1900
-5.2(c)
30◦ 0.025m H=0.05m
ν = 1.0×10−6m2/s 50µm 1.02
y/D = 0.000
V0 = 0.035m/s
Reynolds H
Re = V0H/ν = 1750
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∆t = 1/250s 1/500s
5.3.2
-5.3 vS -5.4
Reynolds R∗Sxz -5.5 γ∗Sxz
-5.6 Γ∗Sxz
R∗Sxz 5.9 γ∗Sxz Γ∗Sxz
γ∗Sxz =
γSxzD
V0
(5.14)
Γ∗Sxz =
ΓSxzD2
V 20
(5.15)
γ∗Sxz R∗Sxz
−γ∗Sxz -5.3 -5.4
x/D z/D = 0.7 0.5 0.7 -0.5 R∗Sxz
D
R∗Sxz -5.5 −γSxz R∗Sxz
−γSxz
R∗Sxz R∗Sxz γ∗Sxz
-5.5
Γ∗Sxz R∗Sxz
-5.4∼ -5.5 -5.7 -5.8
-5.7 R∗Sxz γ∗Sxz -5.8 R∗Sxz Γ∗Sxz
R∗Sxz γ∗Sxz
RSxz Γ∗Sxz
r=0.71 -5.9 R∗Sxz γ∗Sxz R∗Sxz Γ∗Sxz
R∗Sxz γ∗Sxz 0
R∗Sxz Γ∗Sxz 0.70
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5.3.3
-5.10 vS -5.11
Reynolds R∗Sxz -5.12 γ∗Sxz
-5.13 Γ∗Sxz
γ∗Sxz
R∗Sxz −γ∗Sxz
-5.10 -5.11 x/D z/D = 0.0 0.0 )
R∗Sxz
-5.12 −γSxz R∗Sxz
R∗Sxz γ∗Sxz
-5.13
Γ∗Sxz R∗Sxz
-5.10∼ -5.13 -5.14
-5.15 -5.14 R∗Sxz γ∗Sxz -5.15 R∗Sxz Γ∗Sxz
-5.14 R∗Sxz γ∗Sxz
r=-0.25 -5.15 RSxz Γ∗Sxz
r=0.64 -5.16 R∗Sxz γ∗Sxz R∗Sxz Γ∗Sxz
R∗Sxz γ∗Sxz r=-0.1
R∗Sxz Γ∗Sxz r 0.56
-5.17 vS -5.18
Reynolds R∗Sxz -5.19 γ∗Sxz
-5.20 Γ∗Sxz
γ∗Sxz
R∗Sxz −γ∗Sxz
-5.17 -5.18 x/D z/D = 0.0 -1.0 )
R∗Sxz -5.19 −γSxz
R∗Sxz R∗Sxz
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−γSxz
R∗Sxz γ∗Sxz
-5.20 Γ∗Sxz R∗Sxz
-5.17∼ -5.20 -5.21
-5.22 -5.21 R∗Sxz γ∗Sxz -5.22 R∗Sxz Γ∗Sxz
-5.21 R∗Sxz γ∗Sxz
r=0.04 -5.22 RSxz Γ∗Sxz
r=0.38 -5.23 R∗Sxz γ∗Sxz R∗Sxz Γ∗Sxz
R∗Sxz γ∗Sxz r=0.08
R∗Sxz Γ∗Sxz r 0.50
•
Reynolds
RSi j =−νt
(
∂ 〈Ui〉
∂x j
+
∂
〈
U j
〉
∂xi
)
+
2
3KSδi j =−νtγSi j +
2
3KSδi j
Reynolds R∗Sxz
γ∗Sxz Reynolds
• Reynolds
RSi j = Cnλ 2s
∂ 〈Ui〉
∂xk
∂
〈
U j
〉
∂xk
= Cnλ 2s ΓSi j
Reynolds R∗Sxz
Γ∗Sxz r = 0.70
r = 0.56 r = 0.50
Reynolds
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Re = 320 y/D = 0.000
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−4 −3 −2 −1 0 1 2 3 4
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- 5.3 Re = 700
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5.3.4
5.9 Reynolds R∗Sxz 5.15
Γ∗Sxz
R∗Sxz Γ∗Sxz
Reynolds
R∗Sxz Γ∗Sxz
-5.24 Rep=320 -5.25 Rep=520
y/D R∗Sxz
Γ∗Sxz
−γ∗Sxz R∗Sxz −γ∗Sxz
Γ∗Sxz R∗Sxz
Reynolds R∗Sxz Γ∗Sxz
R∗Sxz Γ∗Sxz -5.26 -5.27 y/D =
0.000 y/D = 0.375 R∗Sxz Γ∗Sxz -5.24 -5.25 R∗Sxz
Γ∗Sxz -5.26 Rep=320
R∗Sxz Γ∗Sxz (a) x/D < 0.0
(b) 0.0< x/D< 6.0 (c) x/D> 6.0
-5.27 Rep=520
R∗Sxz Γ∗Sxz
R∗Sxz Γ∗Sxz
Reynolds
R∗Sxz Γ∗Sxz
-5.28 -5.30 y/D = 0.000 y/D = 0.375 R∗Sxz
Γ∗Sxz
-5.28 Rep = 320 -5.30 Rep = 520
γ∗Sxz R∗Sxz
R∗Sxz Γ∗Sxz
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Reynolds Rep = 320 520 R∗Sxz γ∗Sxz
R∗Sxz Γ∗Sxz
Reynolds R∗Sxz γ∗Sxz 0
-5.29 -5.31 r
R∗Sxz Γ∗Sxz R∗Sxz γ∗Sxz
Rep = 320 R∗Sxz Γ∗Sxz 0.60 R∗Sxz γ∗Sxz
-0.25 Rep = 520 R∗Sxz Γ∗Sxz 0.57 R∗Sxz γ∗Sxz
-0.03 Rep = 520 Rep = 320
R∗Sxz Γ∗Sxz R∗Sxz
Γ∗Sxz Reynolds Rep = 320 520
Rep = 320 R∗Sxz Γ∗Sxz
Rep = 520
Reynolds
R∗Sxz Γ∗Sxz -
5.32∼ -5.34 Reynolds Rep = 310 KC KC = 2.9 8.2 13.5
y/D = 0.000
V R∗Sxz
Γ∗Sxz R∗Sxz Γ∗Sxz
KC
-5.35 -5.37 -5.39 -5.32∼ -5.34 Reynolds Rep = 310
KC KC = 2.9 8.2 13.5 R∗Sxz Γ∗Sxz
R∗Sxz Γ∗Sxz (a) x/D > 3.5 (b)
|x/D| < 3.5
R∗Sxz Γ∗Sxz
-5.36 -5.38 -5.40
R∗Sxz Γ∗Sxz
R∗Sxz γ∗Sxz R∗Sxz Γ∗Sxz
V
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t/T = 0.00 0.50 1.00 R∗Sxz Γ∗Sxz r = 0.38
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• Reynolds R∗Sxz
Γ∗Sxz Rep = 320
r = 0.60 Rep = 520 r = 0.57
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• Reynolds R∗Sxz
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V
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Rep = 310 r = 0.55
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5.4
Reynolds R∗Sxz Γ∗Sxz
5.6 λt
5.6 λs Cn
λs
`S
λs `S
λs = `2/3S (5.16)
`S `= 6.0×10−3m
`= 6.0×10−3m Cn
Cn
Cn `S
5.4.1 Cn
5.5 λt λs
Cn 1
Liu et al.[103] Borue et al.[113] DNS
Reynolds RmSxz RSxz a priori Cn 1
Liu et al.[8]
Cn = 1.0 Cn = 0.45
Meneveau et al.[114] Liu et al.
Mix Cn = 0.33
Tao et al.[105] Reynolds
Cn = 0.125
Cn
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RSxz R′Sxz
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5.5
a priori Reynolds
5.12
Reynolds
Reynolds
`S = 6.0× 10−3m
Cn = 0.12
5.5.1 Reynolds
-5.45 Rep=320 Reynolds R∗Sxz
Rm∗Sxz 3.17
R∗Sxz Rm∗Sxz
Rm∗Sxz R
∗
Sxz
-5.45 y/D = 0.625 0.750 R∗Sxz Rm∗Sxz
R∗Sxz Rm∗Sxz E = |R∗Sxz−Rm∗Sxz|
0.06 -5.46 Rep=520 E
0.04 -5.47 -5.48 φD = 1.3×10−2m
φD = 3.0×10−3m Reynolds
R∗Sxz Rm∗Sxz
-5.49 -5.50 Rep = 320 Rep = 520 R∗Sxz
Rm∗Sxz 250
Rm∗Sxz
R∗Sxz R
m∗
Sxz E = |R∗Sxz−Rm∗Sxz| Rep = 320 0.03 Rep = 520 0.01
1/3∼1/2
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(I) R∗Sxz (II) Rm∗Sxz
- 5.49 Reynolds R∗Sxz Rm∗Sxz
Rep = 320
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5.5.2 Reynolds
-5.51∼ -5.53 Reynolds Rep=310 KC KC = 2.9 8.2 13.5
Reynolds R∗Sxz Rm∗Sxz
R∗Sxz Rm∗Sxz
Reynolds
|x/D|> 3.5
Reynolds
R∗Sxz Rm∗Sxz E = |R∗Sxz−Rm∗Sxz|
0.03∼0.08 V V
KC E
-5.54∼ -5.56 PA x/D y/D z/D = 0.7 0.0 0.0
PB x/D y/D z/D = 2.1 0.0 0.0 PC x/D y/D z/D = 4.0
0.0 0.0 Reynolds RSxz RmSxz
Smagorinsky RmSxz
Smagorinsky
Reynolds
RSxz =−2νγSxz (5.18)
ν = (Cs∆)2
√
2γSxzγSxz (5.19)
∆ `2/3S
Cs Smagorinsky Cs = 0.17 -5.57∼ -5.59
-5.54∼ -5.56 Reynolds
-5.54 KC = 2.8
Smagorinsky
Smagorinsky
-5.57
r = 0.34 0.39 Smagorinsky
r = 0.12 0.06 -5.54
-5.57 PC
210 5
KC = 2.8 KC = 8.2 13.5
Reynolds -5.55 -5.56
Smagorinsky
-5.58 -5.59
KC = 8.2 r = 0.57 0.71 r = 0.44
KC = 13.5 r = 0.66 0.65 r = 0.48
Smagorinsky KC = 8.2
r = 0.32 0.12 r = 0.02 KC = 13.5 r = 0.21 0.15
r = 0.00
KC
a priori
• Reynolds
0.04∼0.06 0.01∼0.03
Reynolds
0.03 ∼0.08
Reynolds
Reynolds
KC = 2.8
rn = 0.3 KC
rn = 0.6
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(I) R∗Sxz (II) Rm∗Sxz
- 5.51 Reynolds R∗Sxz Rm∗Sxz
Rep = 310 KC = 2.9 y/D = 0.000
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(I) R∗Sxz (II) Rm∗Sxz
- 5.52 Reynolds R∗Sxz Rm∗Sxz
Rep = 310 KC = 8.2 y/D = 0.000
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(c) PC(x/D y/D z/D) = (4.0,0.0,0.0)
- 5.54 Reynolds
Smagorinsky Rep = 310 KC = 2.9 y/D = 0.000
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(c) PC(x/D y/D z/D) = (4.0,0.0,0.0)
- 5.55 Reynolds
Smagorinsky Rep = 310 KC = 8.2 y/D = 0.000
216 5
−8 −6 −4 −2 0 2 4 6 8
−2
−1
0
1
2
 
 
PA PB PC
Reynolds y/D = 0.000
0 0.2 0.4 0.6 0.8 1
−20
−10
0
10
20
t/T
R S
xz
[m
2 /s
2 ]
 
 
Measurement Nonlinear Smagorinsky
×10−4
(a) PA(x/D y/D z/D) = (0.7,0.0,0.0)
0 0.2 0.4 0.6 0.8 1
−20
−10
0
10
20
t/T
R S
xz
[m
2 /s
2 ]
 
 ×10
−4
(b) PB(x/D y/D z/D) = (2.1,0.0,0.0)
0 0.2 0.4 0.6 0.8 1
−20
−10
0
10
20
t/T
R S
xz
[m
2 /s
2 ]
 
 ×10
−4
(c) PC(x/D y/D z/D) = (4.0,0.0,0.0)
- 5.56 Reynolds
Smagorinsky Rep = 310 KC = 13.5 y/D = 0.000
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